IMPORTANCE Functional impairment and pain are common indications for the initiation of lumbar spine surgery, but information about expected improvement in these patient-reported outcome (PRO) domains is not readily available to most patients and clinicians considering this type of surgery. OBJECTIVE To assess population-level PRO response after lumbar spine surgery, and develop/validate a prediction tool for PRO improvement. Twelve-month follow-up participation rates for each outcome were between 66% and 70%. Improvements were reported in function, back pain, and leg pain at 12 months by 306 of 528 surgical patients (58.0%), 616 of 899 patients (68.5%), and 355 of 464 patients (76.5%), respectively, whose baseline scores indicated moderate to severe symptoms. Among nonoperative patients, 35 (43.8%), 47 (53.4%), and 53 (63.9%) reported improvements in function, back pain, and leg pain, respectively. Demographic and clinical characteristics included in the final prediction models were age, sex, race, insurance status, American Society of Anesthesiologists score, smoking status, diagnoses, prior surgery, prescription opioid use, asthma, and baseline PRO scores. The models had good predictive performance in the validation cohort (concordance statistic, 0.66-0.79) and were incorporated into a patient-facing, web-based interactive tool (https://becertain.shinyapps.io/lumbar_fusion _calculator).
L umbar spine fusion surgery is an increasingly performed and expensive procedure that has raised controversy about its appropriate utilization. The results of randomized clinical trials have been split on the efficacy of spine fusion for back pain, [1] [2] [3] [4] with certain subgroups of patients experiencing less than 20% chance of improvement. 5 To maximize value and reduce cost in spine care, there is an increasing focus on better patient selection and improved informed decision making about surgery. While functional impairment and pain are the most common symptoms that lead to lumbar spine fusion, information about expected improvement in these patient-reported outcome (PRO) domains is not readily available to most patients and clinicians when they are deciding on operating. In 2014, Washington state's Dr Robert Bree Collaborative developed a set of standards that have been incorporated into insurance contracts that require routine PRO measurements in patients undergoing lumbar fusion and public release of PRO data to improve shared decision making. 6, 7 Improvement in PRO levels after spine surgery has not been assessed on a population level, and there is limited information about factors associated with PRO response that can be used to inform shared decision making. Patient characteristics, modifiable risk factors, and surgical factors have been shown to impact infection rates and other adverse events, [8] [9] [10] but much less is known about PRO response after spine surgery. The Bree recommendations for PRO gathering 6,7 have aimed to provide patients and clinicians with information to improve treatment decisions or determine modifiable variables that could improve PRO responses after surgery. Recent reports have explored PRO responses in a single center or using a registry of voluntarily reporting surgeons, [11] [12] [13] but these may not be adequately representative of patients undergoing surgery in the community at large. To date, to our knowledge, there have not been any statewide, populationbased analyses of PRO responses among patients having lumbar spine fusion surgery. The purpose of this study was to describe PRO responses among patients who did and did not undergo lumbar fusion surgery, using data drawn from a prospective quality improvement program in Washington state (Spine Surgical Care and Outcomes Assessment Program [Spine SCOAP]), and to develop and validate a prediction model for improvement in function, back pain, and leg pain 1 year after surgery. The study aimed to create an interactive shared decision-making tool that can help identify the patients who are most likely to benefit from lumbar fusion surgery.
Methods

Study Population
The Spine SCOAP registry includes medical record data on patient characteristics, perioperative medical and surgical details, and clinical outcomes for spine surgery patients from hospitals across Washington. The registry represents approximately 75% of eligible elective spine fusion procedures in the state. 14 Spine SCOAP excludes patients who have procedures on more than 5 spinal levels and those whose procedures are done for diagnoses of trauma, tumor, or infection. The Comparative Effectiveness Translational Network (CERTAIN) at the University of Washington partners with spine clinics to collect baseline and follow-up PRO scores from candidates for spine surgery through the CERTAIN Hub, which is a web-based portal, and a survey center. 15 The CERTAIN linked these PROs to the Spine SCOAP records, producing the deidentified data set for this study. Adult patients who had a clinic visit to consider a lumbar fusion procedure between January 1, 2012, and December 31, 2015, at 15 hospitals were included. Baseline clinical characteristics for the nonsurgical group were limited because these individuals did not have a procedure and were not part of the Spine SCOAP data collection process. The final date of follow-up data collection for this study was December 31, 2016. This research project used deidentified patient data. As a result, it was determined by the human subject division of the institutional review board at the University of Washington to be exempt.
Primary Outcomes
The 3 outcomes of interest were function, back pain, and leg pain improvement at 1 year. Function was measured using the Oswestry Disability Index (ODI), which is a widely accepted standard for assessing functional status of patients with back pain. 16 The ODI questionnaire consists of 10 sections designed to assess limitations of various activities of daily living. Each section is scored ona0to5scale, where a score of 5 indicates the greatest disability. The result is a composite index on a 100-point scale, with a score of 100 reflecting the maximum possible low back disability at the time of survey. The Numerical Rating Scale (NRS), 17 on which patients are asked to rate their average pain intensity in the past week on an 11-point scale (where 0 indicates no pain and 10 indicates worst possible pain), has been widely used as an instrument to measure back and leg pain. On the NRS, back and leg pain were assessed using these questions: "How would you rate your average back pain in the past week?" and "How would you rate your average leg pain in the past week?" For our study, functional improvement was defined as a reduction of 15 points or more, from baseline in the ODI. Back pain and leg pain improvement was defined by a reduction of 2 points or more from
Key Points
Question Which patients are most likely to have improvement in function, back pain, and leg pain after lumbar fusion surgery?
Findings Using statewide prospective data from 15 hospitals and 1965 adult surgical candidates, 3 prediction tools were generated to predict the likelihood of improvements in function, back pain, and leg pain after lumbar fusion surgery. The predictive ability and calibration of these predictive tools were confirmed in a validation cohort.
Meaning These predictive tools could be incorporated into decision-making activities in the clinic and may be helpful in managing expectations for patients considering lumbar fusion surgeries.
baseline in the NRS. 17, 18 These are considered the minimal clinically important difference (MCID). 16, 19 The MCID levels represent the threshold value in these PRO scores that patients and clinicians perceive as clinically meaningful. They are recommended by current guidelines for assessment of lumbar fusion outcomes.
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The PRO surveys were administered preoperatively (0-60 days before surgery) and at 2 months, 6 months, 12 months, 18 months, 24 months, 30 months, and 36 months postsurgery. Postsurgical surveys were administered in a multimodal approach (mail, email, telephone, or text message), based on patient preferences. Patients were included in this study if they had at least 1 baseline (presurgery) score and 1 postsurgery score (up to 36 months after surgery) on function, back pain, or leg pain.
Statistical Analysis
Model Development Among 783 patients with at least 1 baseline ODI score and 1 postsurgery ODI score, 238 (30.4%) did not complete the 12-month ODI questionnaire because they had withdrawn from the study, could not be reached, or chose not to respond. Similarly, 533 of 1466 respondents (36.4%) and 218 of 726 (30.0%) did not complete the NRS back pain and NRS leg pain assessments, respectively, at 1 year. To account for missing data among the predictors and follow-up data, which were assumed to be missing at random, a multiple imputations procedure with 40 imputation iterations was performed (eAppendix in the Supplement).
The training data sets used for the model development for each outcome were obtained by randomly selecting 85% of the data. Since the primary outcomes of interest were MCID improvements from baseline (a binary variable), only patients with the possibility for improvement were included. The ODI model included only patients with a baseline ODI score greater than or equal to 15, and the NRS models included only patients with baseline NRS levels greater than or equal to 2. Three binary logistic regression models with the dependent variables ODI improvement, NRS-measured back pain improvement, and NRS-measured leg pain improvement at 1 year were generated using the imputed training data sets. The results were pooled to yield estimates, confidence intervals, and P values that incorporated missing-data uncertainty. Baseline patient characteristics and surgical parameters listed in Table 1 were assessed as independent variables for the models. These parameters included patient demographics and risk factors (7 variables), comorbid conditions (7 variables), diagnosis (11 variables), opiate use (1 variable), surgical (2 variables), and hospital characteristics (2 variables). Predictors were included in the multivariate analyses if they yielded a P value of less than .05 in the univariate analyses, or had a P value greater than .05 but were considered to be clinically relevant by author consensus. Table 2 shows the list of variables that remained in the final models.
Model Performance
To assess model calibration, calibration plots were generated comparing the predicted with the observed probabilities, and the mean observed to expected ratios of probabilities were calculated. To assess the models' abilities to discriminate between those with or without the outcome of interest, the concordance (C-statistics) from each of the imputation iterations were averaged to create single C-statistics.
Model Validation
The validation data set for each outcome variable consisted of the remaining 15% of the full data after the training data set was randomly selected. Each prespecified model was fitted with the patient characteristics of the validation cohort to predict the outcome of interest. The predictions were then compared with the actual outcome values, and C-statistics and calibration plots were generated.
Probability Estimates
The regression coefficients from the final models (eTable 1 in the Supplement) were used to estimate the probability of achieving MCID improvement at 12 months in ODI scores, NRS back pain scores, and NRS leg pain scores for 5 hypothetical patients undergoing lumbar fusion, based on their unique personal and surgical characteristics at surgical consultation. All analyses were performed using Stata version 14 (StataCorp). All tests were 2-sided and P values less than .05 were considered to be significant. All mean values were reported with standard deviations.
Results
A total of 1583 patients (mean [SD] age, 61.3 [12.5] years; 944 [59.6%] female) were included in this study. Table 1 summarizes baseline characteristics. The most common indications for surgery were stenosis (n = 1223; 77.9%) and spondylolisthesis (n = 1033; 65.3%). A total of 1461 cases (92.3%) were identified to have radiculopathy. The majority of cases were performed in teaching hospitals (n = 1001; 63.2%), but only 287 (18.1%) were performed in hospitals with a spine surgical residency program.
The Figure shows the unadjusted PRO scores at each point. The median baseline ODI, NRS back pain, and NRS leg pain scores were 46 of 100, 6 of 10, and 6 of 10, respectively. On average, PRO scores improved over time after surgery, with most of the improvements observed in the first 2 months. The PRO scores were significantly improved at 12 months compared with baseline scores at a population level, but large variations were observed at the individual level ( Table 3) .
At 12 months, 109 of 545 patients (20.0%) still experienced severe disability, and 31 (5.7%) had extremely severe symptoms or were bedbound. Of 528 patients who had a baseline score of 15 or greater on the ODI, 306 (58.0%) experienced an MCID improvement at 12 months, while 86 (15.8%) reported no change or worse function compared with their baseline scores.
Similarly, at 12 months, 251 of 933 patients (26.9%) still had moderate pain, and 117 (12.5%) reported severe pain. A total of 616 of 899 patients who had a baseline NRS score for back pain of 2 or greater (68.5%) achieved a 2-point MCID improvement in back pain, and 180 (19.2%) had no improvement or a higher (worse) score.
Leg pain response rate was the highest, with 355 of 464 patients who had started with a baseline NRS score for leg pain of 2 or greater (76.5%) achieving at least an MCID at 12 months. However, severe leg pain was still experienced 12 months after surgery by 59 of 508 patients (12.7%).
A total of 382 individuals (mean [SD] age, 62 [13] years; 202 [53.0%] female) had an office visit with a spine surgeon but did not have surgery. A total of 241 individuals (63.1%) visited a surgeon for presurgical purposes, 55 (14.4%) for consultation, and 86 (22.5%) for a purpose that was not described. There was no difference in ODI scores, NRS-measured back pain, and NRS-measured leg pain at baseline or over time between groups who visited the clinic for these different purposes. There was also no significant difference in baseline ODI scores, NRS back pain scores, and NRS leg pain scores between the nonsurgical group and the surgical group. Of the individuals who did not have surgery, 124 of 426 (29.1%) and 35 of 80 (43.8%) experienced an MCID improvement in ODI scores at 2 and 12 months, respectively. In this group, 205 of 435 patients (47.1%) and 47 of 88 patients (53.4%) achieved an MCID in NRS back pain scores at 2 and 12 months, respectively. Similar to the surgical group, leg pain improvement rate was the highest, with 198 of 410 patients (48.3%) achieving MCID at 2 months, and 53 of 83 patients (63.9%) achieving this level of improvement in 12 months. At both 2 and 12 months, patients who had undergone operations had a significantly higher rate of response compared with those who had not had an operation.
Model Development and Validation
Variables included in the final models were age, sex, race, insurance status, American Society of Anesthesiology (ASA) All 3 models had good discrimination (C-statistic, 0.73-0.75) and were well calibrated (observed to expected ratios, 1.00) in the development cohort. There was also good discrimination in the validation cohort (C-statistics, 0.66 for ODI, 0.79 for back pain, and 0.69 for leg pain). Observed to expected ratios were between 0.94 and 1.02, with confidence intervals spanning 1 for all 3 models. This indicated no significant differences between the observed and model predictions. (Details of model performance are in eTables 1 and 2 and eFigures 1 and 2 in the Supplement.) Table 4 shows 5 hypothetical lumbar fusion candidates with different baseline characteristics and baseline pain and function scores (Table 4) . Patients B and C are identical except that patient B is a current smoker and patient C has stopped smoking. Through this sole difference, this hypothetical patient has an increased likelihood of improvement in function, back pain, and leg pain by 10%, 7%, and 5%, respectively.
Applying the Model for Future Predictions
Patients D and E are identical except that patient D has severe disability and pain before surgery and patient E has moderate disability and pain. The likelihood of improvement in function, back pain, and leg pain were 47%, 37%, and 33% lower, respectively, in the patient with moderate disability and pain, highlighting the importance of informed decision making and expectation management for patients with moderate disability and pain. A user-friendly version of the predictive calculator has been made available online at https://becertain .shinyapps.io/lumbar_fusion_calculator.
Discussion
As we move toward value-based care and shared decision making, there is an increasing need to collect and use PRO scores not just in research settings, but also in routine clinical care or quality improvement activities. To our knowledge, this is the first statewide assessment of PRO scores concerning elective lumbar fusion surgery. We found that most patients had an improvement in PRO scores at 12 months: 306 surgical patients (58.0%) achieved an MCID improvement in ODI score, 616 patients (68.5%) in NRSmeasured back pain, and 355 patients (76.5%) in NRSmeasured leg pain, respectively. More importantly, we found significant variability in outcomes based on patient characteristics. We developed a user-friendly tool to allow personalized PRO prediction (specifically in improvement in function, back pain, and leg pain at 12 months after surgery) based on patient characteristics, diagnoses, and baseline PRO scores. Our final models had good calibration and predictive performance in a validation cohort (C-statistics, 0.66-0.79), demonstrating that they can accurately predict potential outcomes in new populations with similar characteristics. Subgroups that were less likely to improve with lumbar fusion surgery included those with Medicaid or workers' compensation as their primary insurance source, current and previous smokers, and those with low (better) preoperative disability and pain scores. This finding correlates with other spine surgery literature, which has suggested workers' compensation, Medicaid, and preoperative scores as determinants of clinical outcomes. 11, 12, [24] [25] [26] [27] In our models, smoking status was a key predictor of potentially worse outcome. Current smokers have a significantly lower likelihood of improvement in both function (OR, 0.43; 95% CI, 0.22-0.84) and back pain (OR, 0.58; 95% CI, 0.35-0.96) when compared with people who have never smoked. Patients who quit smoking have increased but still lower odds of improvement in function (OR, 0.66; 95% CI, 0.44-0.99; P = .045) and back pain (OR, 0.81; 95% CI, 0.60-1.09; P = .17) compared with those who have never smoked, although the difference in the odds of back pain improvement was insignificant. Smoking has been shown in other studies to contribute to poor clinical outcomes, higher nonunion rates, higher infection rates, 28-30 and a much reduced rate in ODI improvement compared with the outcomes in nonsmokers. 29 Our findings highlight the importance of preoperative tobacco cessation efforts. Future studies should examine the sensitivity of PRO scores to the duration of smoking cessation to better inform tobacco cessation program designs. Interestingly, asthma was found to be significantly associated with lower odds of ODI improvement, a factor not reported in previous studies. However, asthma may be a marker for other characteristics, and to further explore the relationship between asthma and PRO scores after lumbar spine surgery, we are currently conducting a prospective study funded by the National Institute of Arthritis and Musculoskeletal and Skin Diseases (clinicaltrials.gov identifier NCT02611479)onseverity, duration, and symptoms of asthma. Invasiveness of surgery, surgical techniques, surgeon type (orthopedic surgeon vs neurosurgeon), and hospital type (large vs small, teaching hospital vs nonteaching hospital) did not appear to have an effect on disability or pain improvement and were dropped from the models, a recognition that patient variables were the main factors associated with PRO improvement. This study also showed that patients who did not have surgery experienced a mean improvement of 24% in ODI score after 12 months. Although the framework for data assessment in this study did not allow for a direct comparison between the operative group and the nonoperative group, this rate of improvement in nonoperated patients is within the published range.
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As PRO scores become more comprehensive and sophisticated, it is important that we develop translation models to appropriately manage the results. Prior prediction models in lumbar surgery examined clinical outcomes such as postoperative adverse events, but did not look at PRO scores or did so in a limited population.
8,10-13 McGirt et al 11 published an ODI prediction model using data from a single institution. Their model explained about 50% of the data. They used a continuous outcome instead of a dichotomous outcome, making it difficult to directly compare performance of their model with ours. More recently, the same group developed prediction models for ODI, back pain, and leg pain using multicenter data from the Quality Outcomes Database. 13 Their study included both patients undergoing fusion procedures and patients who were not undergoing fusion procedures, and they treated the 12-month scores as ordinal rather than dichotomous outcomes. While they included multiple centers from different states, they only included voluntarily participating surgeon practices, and that may not be as representative as the approach of Spine SCOAP, which included almost all practitioners in the state. Despite the differences in population and outcomes, there was general agreement between our findings in terms of the predictors for a positive outcome, although it is difficult to compare the weight of each predictor given the different outcome measures.
Limitations
There are several limitations to our study. Adverse events were not included in our models because the objective was to develop a tool for presurgical prediction. Moreover, our models were built on data from Washington state, where 90% of the patients were white and 70% had private insurance. Our results may not be generalizable to other state populations.
Another limitation was the incomplete survey rates for outcomes at 12 months, which were 30% to 36%. However, these missing data were accounted for through the use of a multiple imputation procedure.
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Further, there might be important predictors of outcomes that are not available in our data set, such as symptom durations, measures of anxiety, depression, widespread body pain, and pain interference. Other studies have shown an association of depression with poor function outcomes after spine surgery. 33, 34 Widespread pain has also been shown to be associated with increased opioid use and poor spine and anthroplasty outcomes. [35] [36] [37] We plan to address the effects of these factors in our ongoing study funded by the National Institute of Arthritis and Musculoskeletal and Skin Diseases. Moreover, preoperative diagnoses used in the model were determined by the treating physician and were not validated independently. We also acknowledge that continuous outcomes, such as an exact postoperative ODI score, might be easier to interpret than predicting the odds of having an improvement. However, MCID measures are well accepted in the spine research field as the standard outcomes and are recommended by current guidelines for spine outcomes evaluations. 20 Lastly, our outcome cutoffs were chosen based on commonly used MCID measures for spine procedures (2 points for the NRS score and 15 points for the ODI score), but we acknowledge that a single agreed-on MCID has yet to be established. 38 To accommodate the different preferences in the way outcomes are presented (eg, MCID, percentage of change, minimal pain or a These fields include only those with baseline score of 15 or more for ODI (n = 528), baseline NRS score of 2 or more for back pain (n = 899), or baseline NRS score of 2 or more for leg pain (n = 464).
function), we included these other outcomes in the userfriendly online model.
Conclusions
In 2014, Washington state encouraged public reporting of PRO data in spine surgery and the use of these data to improve shared decision making. This information was unknown at the time of the recommendation, but this study demonstrates that, on a statewide level, the majority of patients had improvement in disability, back pain, and leg pain at 1 year. The evaluation also revealed subgroups within the broader population who had better-than-expected or worse-than-expected outcomes, and these could be predicted using baseline characteristics. We developed 3 clinical prediction models to determine the probabilities of improvement in function, back pain, and leg pain for lumbar fusion candidates. These models showed good accuracy in the derivation and validation cohorts and could be incorporated in a clinical setting, where a clinician and/or patient can enter the individual characteristics to predict a patient's likelihood of benefiting from a lumbar fusion procedure. This tool is available online at https: //becertain.shinyapps.io/lumbar_fusion_calculator). Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication. In order to determine how to handle the missing PROs data at 12 months, we first examined whether the data was missing at random (MAR), meaning that the likelihood of the outcome being missing depends only on the observed data. To do this, we performed logistic regressions on the missingness of ODI, NRS back pain, and NRS leg pain to examine the relationships between their missingness and other variables in our study. We found significant associations between some of the variables and the missingness of the follow-up PROs, suggesting that the follow-up data was likely to be MAR. Given this information, the multiple imputation approach was chosen over a complete case analysis where all incomplete data is removed from the analysis, since complete case analysis can cause bias of unknown size and direction and a reduction in power. 1,2 Although easier to implement, complete case analysis relies upon stronger missing data assumptions than multiple imputation modelling.
A multiple imputations procedure with 40 imputation iterations was performed using the Multiple Imputation by Chained Equations methods. In this iterative imputation approach each variable with missing data is modeled conditional upon the other variables in the data using a series of regression models. 3 Multiple predictions for each missing value are created, accounting for the statistical uncertainty in the imputations. The result is an augmented dataset containing 40 times the original sample size, all with complete data.
Detailed information on our models' performance
There is good to excellent agreement between the predicted probabilities and the observed in the development cohort. (Figure A1 ) The slope of the calibration plots were close to 1, with intercepts close to zero, indicating good calibration (Table A1 ). The biggest variation was seen in the model for ODI, where, when a line was fitted to the plot, the slope was 0.77, and the intercept was 0.13, indicating that the disability model tended to be more optimistic than what was actually observed, especially at low probabilities. There was no significant difference between the observed and model predictions, as suggested by the observed to expected ratios of 1.00, with confidence intervals spanning 1 for all three models. The AUCs ranged between 0.73 -0.75 for ODI, NRS back and NRS leg pain improvement, reflecting good to excellent discrimination. (Figure A2 )
The calibration in the validation cohort was good (Table A1) . Observed-to-expected ratios were between 0.94 and 1.02, with confidence intervals spanning 1 for all three models, indicating no significant difference between the observed and model predictions. C-statistics was 0.66 for ODI improvement, 0.79 for back pain improvement, and 0.69 for the leg pain improvement model, demonstrating good discrimination. 
